We report on the spin relaxation in GaAs-based quantum wires and wells studied at 50 K < T < 180 K by analyzing the circularly polarized photoluminescence transients. A 3.5-times shortening of the electron spin relaxation time is observed in GaAs/AlGaAs quantum wires compared with that in quantum wells at 180 K. The observed results suggest that a spin flip in the quantum wires is caused predominantly by the D'yakonov-Perel' effect due to spin-orbit interaction. The strong quantum confinement of electrons in the reduced dimensionality of the quantum structure leads to a larger spin splitting energy and a stronger temperature dependence of spin relaxation. The fast picosecond spin relaxation of electrons in quantum confined semiconductors is attractive for applications to ultrafast optical devices. All-optical spin switching using excitonic absorption in quantum wells has already been demonstrated.
The fast picosecond spin relaxation of electrons in quantum confined semiconductors is attractive for applications to ultrafast optical devices. All-optical spin switching using excitonic absorption in quantum wells has already been demonstrated.
1) The mechanism of electron spin relaxation has been studied mainly in GaAs quantum wells at 0.8 µm wavelength, 2) and a higher relaxation rate was reported in other material systems such as InGaAs quantum wells for long optical communication wavelengths of 1.3 µm and 1.55 µm. 3) However, there have been very few reports on the spin relaxation in quantum structures with lower dimensions, such as quantum wires and dots, and the spin relaxation mechanism is unclear.
The spin relaxation process can be classified based on the origin of spin inversion. 4) In non-doped wide-gap materials near room temperature, the spin can usually be flipped due to an effective magnetic field originating from a spin-orbit interaction, which is called the D'yakonov-Perel' (DP) effect. 5) Based on the DP effect, the spin relaxation time in a quantum confined structure is a function of the electron confined energy and temperature. 4, 6) The electron confined energy dependence has been used to confirm that the DP effect is the dominant spin relaxation mechanism in GaAs/AlGaAs quantum wells at room temperature.
2) It is interesting and important to investigate the spin relaxation in quantum confined structures with lower dimensionality.
In this work, we examine how the dimensionality of the quantum structure affects the electron spin relaxation, by comparing quantum wires and wells. The spin relaxation time is analyzed using time-resolved measurements of the photoluminescence spectra at various temperatures. The temperature dependence of the relaxation time is discussed to determine the effect of electron confinement in quantum structures and the predominant mechanism of spin relaxation.
AlGaAs/GaAs quantum wire samples were fabricated on V-grooved GaAs (100) substrates using flow-rate modulation metalorganic vapor phase epitaxy and the chemical etching technique. 7) The Al fraction of the barrier layer was 0.33. The thickness and lateral width of the quantum wire were time is proportional to temperature T in quantum wells, and to T 1/2 in quantum wires. The weaker temperature dependence in quantum wires than in quantum wells is explained by the enhanced density of states as well as the less effective thermalization against temperature increase due to the onedimensional (1D) nature of quantum confinement. This result indicates the 1D electron confinement achieved in these quantum wire samples.
Spin polarization decay was determined by analyzing the circularly polarized PL transients. The spin non-equilibrium condition was optically initiated by exciting the sample with a circularly polarized laser pulse (σ + ). Upon reverting to the spin equilibrium condition, the polarized PL (σ ++ ) with the same circularity as that of the incident light decayed, and that with the opposite circularity component (σ +− ) increased. The spin relaxation times were deduced to be twice the decay time of the fractional difference of these polarized PLs, defined by (σ ++ − σ +− )/(σ ++ + σ +− ), which was solely due to the spin polarization, excluding the PL decay time. Figure 2 shows approximately 8.5 nm and 20 nm, respectively, as estimated from cross-sectional transmission electron microscopic image. The inter-wire size uniformity and heterointerface homogeneity can be controlled to the atomic level. 8) Quantum well samples of the same thickness were grown for comparison.
We carried out transient photoluminescence (PL) measurements between 4 K and 250 K. Transient PL was measured using a mode-locked Ti:sapphire laser with a pulse width of 130 fs and a streak camera with 2 ps time resolution and polarization discrimination. The excitation wavelength was tuned from 755 to 780 nm so that only quantum wires and wells were excited.
To confirm the dimensionality of the quantum structures, temperature dependence of the radiative recombination lifetime at cryogenic temperatures was compared between quantum wells and quantum wires. The radiative lifetime was deduced at each temperature from the measured overall lifetime of PL decay and the integrated PL intensity from which the fractions of radiative and non-radiative recombinations were estimated. [9] [10] [11] The radiative lifetime was around several hundreds of picoseconds in both quantum wells and wires below 40 K, as shown in Fig. 1 . It was found that the radiative lifethe polarization-discriminated PL and spin polarization transients for a quantum wire sample. The low spin polarization during the initial stage is considered to be due to the polarization anisotropy arising from the crescent cross section of the present quantum wire sample used 12) and the excitation light having an energy slightly higher than the selective excitation condition for unidirectional spin polarization.
The spin relaxation times in quantum wires and quantum wells were found to be several hundreds of picoseconds at the measured temperatures, as shown in Fig. 3 . The spin relaxation time in a quantum wire was found to exhibit a stronger negative temperature dependence down to 50 K compared with that for a quantum well. Moreover, the spin relaxation time in a quantum wire was shorter than that in a quantum well almost throughout the measured temperature range of 50 K to 180 K. The spin relaxation time was 120 ps, and this was 3.5 times shorter than that in quantum wells at 180 K.
A previous analysis of quantum wells showed that the DP mechanism based on the spin-orbit interaction is dominant in this temperature region, 2, 4) and that the spin relaxation time is proportional to the power of −2 of the electron confined energy, as shown in Fig. 4 . The spin relaxation time of our present quantum well sample, extrapolated to room temperature assuming that the temperature dependence is preserved, is consistent with the DP effect. The relaxation time of the quantum wire sample, however, deviates from the relation for quantum wells; that is, it is approximately three times shorter at the same electron confined energy. The uncertainty in energy is due to the complicated crescent cross section of the present quantum wire sample used. The mechanism of with reported data of the mobility (e.g., µ e ∝ T −2 ), 16) which was assumed to be predominated by the phonon scattering. An experiment on GaAs quantum wells very recently demonstrated µ e ∝ T −0.7 near room temperature.
17)
The temperature dependence of the spin relaxation rate in a quantum wire was experimentally found to be T 1.3 , as shown in Fig. 3 . Assuming the DP process in this temperature range, and also taking into account the cross-sectional anisotropy of the present quantum wire, the spin relaxation rate derived where γ is the spin splitting factor, and E 1e is the first electron confined state energy.
The power law of temperature in the spin relaxation rate of a quantum well is observed to be T 0.3 , as shown in Fig. 3 , which is consistent with previously reported data.
6) Assuming that the momentum relaxation time τ ν (ε) is independent of the energy, the integral part of eq. (3) can be simplified by (k B T ) 2 τ ν . The temperature dependence of the spin relaxation rate is, therefore, approximated by T τ ν . This implies that the power law of temperature for τ ν in proportion to the mobility µ e is slightly less temperature-sensitive compared flip operator H sf can be written in the form spin relaxation in quantum wires, however, cannot be interpreted by other mechanisms based on exchange interaction, such as the Bir-Aronov-Pikus (BAP) effect 13) and the MaialleAndrada-Sham (MAS) effect, 14) which are less affected by the temperature change than the DP effect in such a hightemperature region.
4) In addition, the BAP effect caused by electron-hole exchange is predominant when the density of impurities is high and at low temperatures. The MAS effect as exciton exchange is also effective at low temperatures. The DP effect is, thus, probably the main cause of the spin flip in this case.
The spin splitting of the conduction band acts as an effective magnetic field for spin flip under the DP effect, the spin
according to the relaxation tensor Γ described by
Here, F(ε) is the distribution function of the electron energies; 5) ω is the average of Ω; i and j are the substitutions for x, y, z; and τ ν (ε) is the electron momentum relaxation time. The spin relaxation rate 1/τ s of the quantum well is derived from the Hamiltonian and the relaxation tensor, in which pronounced bi-dimensionality and the relation α 2 = 8γ 2h−6 E g m * 3 are taken into consideration, and is given by 2, 15) where σ is the Pauli spin matrix; Ω is the precession frequency matrix; α is the numerical coefficient; m * is the effective mass; E g is the bandgap energy; and Ω y and Ω z are obtained by cyclic permutation of the indexes of x, y, z.
4) The average spin S i of an electron relaxes as
from eqs. (1) and (2) leads to an equation slightly more complicated than eq. (3). The relaxation tensor Γ is governed by the orientation of the wire relative to the principal axes of a crystal. Γ i j , assuming a simplified rectangular cross section of quantum wire fully analogous to that used in the quantum well, is described in a general form as
where c ni j are numerical coefficients (n = 1, 2, 3) due to the confined energy. The temperature dependence of the spin relaxation rate, replacing coefficients c ni j by c ni j , is simplified by (c 1i j T −c 2i j T 1/2 +c 3i j )τ ν . Each term in this equation indicates a decrease in the power of temperature T compared with the case of quantum wells (T τ ν ). On the other hand, because of the strong confinement in the quantum wire, the phonon interaction limiting the mobility is suppressed. Moreover, assuming contributions of other temperature-dependent scatterings such as that due to impurities, 18) the temperature dependence of the momentum relaxation time is expected to compensate the above-mentioned positive power decrease. Thus, overall temperature dependence of the spin relaxation rate may positively become stronger for quantum wires than for quantum wells, which corresponds to the observation in the present experiment.
Furthermore, other terms of the DP equation are also affected by the dimensionality of the quantum structure. The spin relaxation rate increases with increasing electron confined energy 2, 19) due to an additional confinement dimension in quantum wires, compared with quantum wells having the same thickness. Moreover, even for an identical electron confined energy, a faster spin relaxation was observed, as shown in Fig. 4 . It is considered that the 1D quantum confinement structure reduces the spin relaxation time in the higher temperature region.
In conclusion, we have investigated the spin relaxation process in GaAs quantum wires by analyzing the polarizationdiscriminated transient photoluminescence. The spin relaxation time in quantum wires has been shown to be shorter than that in quantum wells throughout the measured temperature range between 50 K and 180 K. This behavior has been explained by assuming the DP mechanism. The electron spin relaxes three times faster in quantum wire than in quantum well at room temperature, implying that the appropriate selection of the dimensionality of quantum structures is effective for controlling the spin relaxation time. This result can also be applied to improve the speed of devices including spin polarization all-optical switches.
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